Abstract. We study the phenomena of neutrino spin-flavor oscillations due to solar magnetic fields. This allows us to examine how significantly the electron neutrinos produced in the solar interior undergo a resonant spin-flavor conversion. We construct analytical models for solar magnetic field in all the three regions of the Sun. Neutrino spin-flavor oscillations in these magnetic field is examined by studying the level crossing phenomena and comparing the two cases of zero and non-zero vacuum mixing respectively. It is shown that including the effect of non-zero vacuum mixing angle leads to suppression of neutrino-antineutrino transition. Related phenomena such as effects of matter on neutrino spin transitions and differences between Dirac and Majorana transitions in the solar magnetic fields are also discussed. ‡ sjoshi@barc.gov.in § srjain@barc.gov.in
Introduction
The study of solar neutrinos and their oscillation phenomenology has revealed many facets of the physics of neutrinos. Ray Davis experiment, which started in 1960's in the Homestake mine, was the first experiment to detect solar neutrinos reaching Earth. After several years of operation, the experiment reported that there is about twothird deficit in the observed solar neutrino flux compared to the standard solar model calculation [1] . The deficit was further confirmed by other solar neutrino experiments, notably SAGE, GALLEX and SuperKamiokande (SK) [2] [3] [4] [5] . This discrepancy between observed rate of neutrino flux and its theoretical prediction is called the solar neutrino problem. One of the ways to resolve the problem was suggested by Pontecorvo on the basis of mixing between different neutrino flavors. He showed that if neutrinos have a non-zero mass then the neutrino flavor mixing will give rise to oscillations among different neutrino flavors [6] . Thus electron neutrinos produced in the Sun may convert to some other flavor neutrinos on their way to Earth and become undetectable. The problem was finally resolved when SNO detected neutrinos from all three flavors in the solar neutrino flux, which proved that there must be transitions among the three active neutrino flavors [7] . However, if vacuum neutrino oscillation alone were responsible for these flavor transitions, one would also be able to detect seasonal variation in the neutrino flux rate due to eccentricity of Earth's orbit. The 8 B neutrino spectrum in the SK experiment showed no such variation [8] . The mechanism of flavor transitions that is most favoured by data is the adiabatic resonant conversion due to neutrino-matter interactions, also known as Mikheev-Smirnov-Wolfenstein (MSW) effect. Wolfenstein showed that the coherent forward scattering of neutrinos with electrons, protons and neutrons will induce an additional potential which will modify the effective mass and mixing of neutrinos in the medium [9] . In a medium with variable density such as Sun, these matter effects can lead to enhanced transitions between ν e and ν µ /ν τ , even for small vacuum mixing angles (MSW-SMA) [10, 11] . However, most of the solar neutrino data, including the data from KamLAND experiment and the recent data from Borexino experiment, has established the large mixing angle (MSW-LMA) solution to the solar neutrino problem [12] [13] [14] [15] [16] .
Another idea that was a popular candidate to the solution of the solar neutrino problem was spin precession of neutrinos in the magnetic field of the Sun. It was shown that if neutrinos have sufficiently large magnetic moment then the solar magnetic field can give rise to spin precession ν eL − → ν eR , which will cause a deficit in the solar ν e flux [17, 18] . This solution was partly supported by the data from Homestake experiment which observed anticorrelation between the neutrino flux and sunspot activity [19] . However measurements from other experiments observed no such correlation [5] . Subsequently KamLAND experiment ruled out the spin-precession solution by placing strong constraint on the flux of antineutrinos coming from the Sun [20] . A related effect due to neutrinos having non-zero transition magnetic moments is called resonant spin-flavor precession (RSFP) which result in both spin-flip and flavor change of neutrinos [21, 22] . This effect arises due to combined effect of matter and magnetic field on neutrino propagation and is similar to the MSW resonance. The effect of RSFP on the solar neutrino flux has been explored in various papers (see [23] for detailed references). Also, the neutrino spin and spin-flavor transitions can give rise to other interesting quantum mechanical effects such as non vanishing geometric phases [24, 25] , which shows the intimate connection between the geometry of neutrino spin trajectory in the projective Hilbert space and neutrino spin transition probabilities.
Having determined the basic oscillation parameters for solar neutrinos, the present effort is to search for sub-leading effects in the solar neutrino transitions which can give important clues for phenomena beyond the standard model. Various studies have been done to look for effects of Non-standard interactions [26] , Dark matter imprints on neutrino spectrum [27] and non-radiative neutrino decay [28] etc. In this paper, we study the possible sub-leading effects caused by spin-flavor transitions due to neutrino propagation in the solar magnetic field.
The neutrino electromagnetic coupling is given by the Hamiltonian
µσ µν νF µν + h.c., where µ is the neutrino magnetic moment matrix. For the case of Dirac neutrinos the Hermicity of Hamiltonian requires µ † = µ. On the other hand, for Majorana neutrinos CPT symmetry requires magnetic moment matrix to be antisymmetric, which result in vanishing diagonal magnetic moments [29] . This difference in the magnetic moment matrix give rise to different spin-flavor transition probabilities for Dirac and Majorana neutrinos.The diagonal magnetic moment for Dirac neutrino in the standard model including massive neutrinos is µ ν ≈ 3.2 × 10 −19 (m ν /1eV)µ B , where m ν is the neutrino mass [30, 31] . The off-diagonal magnetic moments for both Dirac and Majorana neutrinos are further suppressed due to GIM (Glashow-Iliopoulos-Maiani) mechanism [32] . However, new physics contributions at TeV scale can generate neutrino magnetic moments ∼ 10 −11 µ B [23] . Also, the current best experimental bounds on the neutrino magnetic moment are in the range µ ν ≤ (2 − 10) × 10 −11 µ B [23] . In the present work we examine the effects of magnetic moments ∼ 10 −11 µ B on the solar neutrino transition probabilities for both the cases of Dirac and Majorana neutrinos. In particular, we first perform the calculations for the approximate case of vanishing vacuum mixing and show that the spin-flavor evolution equations can be reduced to a form which has an exact solution. We then study the actual case of non-zero mixing angle and the effects of level crossing phenomena on neutrino transition probabilities. In the previous work along these lines by various authors [33] [34] [35] [36] [37] [38] several bounds have been obtained for both Dirac and Majorana spin-flavor transitions for different magnetic field configurations.
The magnitude of the spin-flavor transition depend mainly on the strength of the magnetic field at the location of the SFP resonance. This in turn depends on the detailed magnetic field profile of the Sun, which is not very well known especially in the interior regions of the Sun. In Section 2, we discuss current bounds on solar magnetic field in various regions of the Sun and its effect on neutrino spin polarization. We also discuss the effective two-flavor model for neutrino spin-flavor precession. In Section 3 we show that in the approximate case of vanishing mixing angle the resulting set of equations posses analytically exact solutions. We also derive the bounds on the solar magnetic fields using the existing experimental results. We then examine the effect of non-zero vacuum mixing on neutrino transition probabilities. Finally we discuss the results in the last Section.
Neutrino spin precession in solar magnetic fields
The magnetic field in different regions of the Sun shows different characteristic behaviour [37] . In the solar convective zone (CZ) the magnetic fields are believed to be generated from a dynamo mechanism active at its base. The current data from helioseismology points to a thin shear layer at the bottom of the CZ, known as tachocline, which generates a large scale toroidal magnetic field. The strength of magnetic field is predicted to be in the range 10-100 kG [39] . On the other hand, the radiative zone (RZ) magnetic field may have its origin in the formation of the Sun. Once formed this primordial field might have been frozen in the RZ and the solar core without protruding much into the CZ [40] . The bound on the large scale toroidal magnetic field in the RZ range from 5-7 MG [41] to 30 MG [42] . For the solar core, magnetic field bounds vary widely from 30 G [43] to 7 MG [44] .
Based on the above bounds we choose two profiles to simulate the magnetic field in the Sun. In the first model we use the field profile given by Miranda et.al . [45] and add a RZ magnetic field
(
The profile is chosen such that B RZ in the CZ is negligible compared to the CZ magnetic field and also becomes very small near the solar core. For the second model we chose a field profile which peaks in the solar core and is given by
First we consider the neutrino spin precession as it propagates in the solar magnetic field neglecting the effect of matter and flavor mixing. The change in neutrino spin polarization in this case is described by the equation
where for B ⊥ we use the two magnetic field profiles in (1), (2) and µ ν ≈ 10 −11 µ B . As can be seen in Fig.1 , the change in the neutrino spin polarization can be sufficient even with peak fields ∼ 10 4 . The change in helicity of solar neutrinos can also affect the ν − e scattering [46] . Now if we include the matter potential term V which affects left and right helicity states differently, then the neutrino propagation can be described by Schrödinger-like Figure 1 : The longitudinal neutrino spin polarization as it propagates in the magnetic field of the Sun. The solid curve is the magnetic field obtained by solving solar MHD equations [45] . The dashed curve is given by Eq. (1) and the dotted dashed curve by Figure Eq. (2). The peak magnetic field for both models is taken to be ≈ 10 4 G.
For the case of constant V and B ⊥ , the change in neutrino helicity is given by
Thus matter potential is expected to further suppress the change in the neutrino helicity in solar magnetic fields. Now considering two neutrino flavors we finally include the effects of neutrino masses and mixing angle θ 12 . In this case the effective Hamiltonian becomes a 4 × 4 matrix. For the case of Dirac neutrinos the effective Hamiltonian in the (ν eL , ν µR , ν eR , ν µR ) T basis is given by 
where V e = √ 2G F (n e −n n /2) and V µ = −G F n n / √ 2 are matter potentials for left handed electron and muon neutrinos respectively, n e and n n denote the number densities of electrons and neutrons respectively and ∆m 2 = ∆m 2 21 is the neutrino mass-squared difference. For the Majorana case the vanishing diagonal terms µ ee and µ µµ result in the following Hamiltonian in the (ν eL , ν µR ,ν e ,ν µ )
T basis 
In addition, there is spin-flavor resonance ν eL ↔ ν µR which always occur before the MSW resonance. The location of the spin-flavor resonance is given by
where Y e is the electron fraction and
The location of resonance for different neutrino energies are given in Table 1 using the electron density profile from the standard solar model of Bahcall [47] . We have used ∆m 2 = 7.4 × 10 −5 eV 2 and θ 12 = 33.8
• throughout the paper. For neutrinos with energy below 2 MeV the resonant density required is too high to occur in the Sun. Thus only the high energy 8 B neutrinos are expected to be affected by these effects. The solution of the neutrino evolution equation with spin-flavor Hamiltonian (6) and (7) is generally difficult to solve. However there exist analytical [48] and semianalytic [49] solutions for different cases. In the next Section we will study the case of zero vacuum mixing which give rise to equations admitting analytical exact solutions. 
An analytical model for zero vacuum mixing
For the case of θ 12 = 0, only the SFP resonance can contribute to the neutrino transitions. In this case the effective Hamiltonian becomes 2 × 2 matrix in the channel ν eL ↔ ν µR /ν µ :
where
given by Eq. (10). As can be seen from Eq. (11), the main input required to study spin-flavor transitions is the profile of number density of electrons and neutrons, and the magnetic field along neutrino trajectory. The standard solar model of Bahcall et al [47] is shown in Figure 2 . However, for obtaining numerical solutions various approximations are used [50] . Here we use the approximation n e (r) = 100[1 − tanh(5r/R )],
which gives a reasonably good approximation apart from the region near the surface of the Sun. Now the equation for the neutrino flavor ν eL with Hamiltonian (11) becomes a second order ODE given by
where we have denoted
In general it is possible to solve this equation numerically to obtain the survival probability of electron neutrinos. However for the case when magnetic field is given by Eq. (2) and density is given by Eq. (12), the set of equations reduces to well known Demkov-Kunike model, which has exact solutions [51, 52] . The analytical solutions are given by Eq. (A.15) and can be used to calculate the neutrino transition probability. For the above model, the result from the KamLAND experiment can be used to obtain bounds on the maximum magnetic field B 0 at the centre of the Sun. The KamLAND experiment gives upper limit on the neutrino transition probability for 8 B neutrinos in the energy range 8.3 < E < 14.8 MeV as P max ν eL →νµ = 2.8 × 10 −4 at 90% C.L. [20] . Now Eq. (A.15), averaged over the 8 B neutrino production region in the Sun [47] , gives the mean probability in the energy region 8.3 < E < 14.8 : P = 3.5 × 10 −4 for B 0 = 6 × 10 5 G and P = 2.4 × 10 −4 for B 0 = 5 × 10 5 G. Thus the consistency with the KamLAND result requires B 0 ≤ 5 × 10 5 G. Hence this analysis presents us a useful bound on the magnetic field in the solar core. This bound lies in between the various other bounds discussed in the previous section. However, this limiting case obtained by substituting θ 12 = 0 over-estimates the transition probability by pushing the SFP resonance further deep in the solar interior where the strength of the magnetic field is higher. Thus we expect the actual bound on the magnetic field to be higher in the full treatment with all the flavors taken into consideration.
For the case when magnetic field is given by Eq.(1) in the RZ of the Sun, such analytical solutions of Eq. (13) are not possible. In this case, since the magnetic field is significantly weak at the SFP location, we do not expect significant transitions. Hence the bounds on the RZ magnetic field will be comparatively weaker. In the next Section we will focus on the model given by dashed curve in Figure 1 . Adding the effects of the vacuum mixing leads to the full Hamiltonian (6) and (7) for Dirac and Majorana neutrinos respectively. However since there is no resonant production of ν µR /ν µ , we set its amplitude to zero which gives the effective 3 × 3 Hamiltonian for the Majorana neutrinos 
and similar one for the Dirac neutrinos. In this case we have two resonances given by Eqs. (8) and (9). However at the location of both the resonances the Hamiltonian is dominated by large off-diagonal term ∆m 2 sin 2θ 12 /4E . Thus merely fulfilling the SFP resonant condition (9) is not sufficient to drive large transitions due to magnetic field. In this case it more appropriate to go to mass eigenbasis where such large vacuum mixing terms are absent [37] . The Hamiltonian in the mass eigenbasis can be obtained by performing the rotation on the flavor eigenstates
and diagonalizing the resultant matrix, where R 12 is the rotation matrix in the (12) plane. We obtain
In Figure 5 we plot the eigenvalues of the Majorana Hamiltonian (16) and (18) in flavor and mass basis respectively. In the flavor basis 5a one can see the level crossing at two different points. The lower one corresponds to SFP resonance while the higher one is the MSW resonance. The electron neutrinos are produced predominantly in the heavier mass eigenstate (dashed curve in Figure 5a ). At the SFP crossing point the transition between the neutrino states ν e ↔ν µ is driven by the strength of the magnetic field at the location of the level crossing. Assuming the level crossing to be adiabatic the ν e eigenstate is now represented by the solid curve in Figure 5a while the dashed curve corresponds now toν µ . The electron neutrino then goes through another resonance at the MSW crossing point. After this second level crossing the ν e state now corresponds to the dot-dashed curve which is the lower mass eigenstate while ν µ is the upper mass eigenstate (solid curve).
However, this notion of resonant flavor conversion is valid only for small mixing angles [53] . For large values of mixing angle the mass eigenbasis describe the situation more accurately. Comparing Figures 5a and 5b , it is seen that the level crossing which was present for the case θ 12 ≈ 0 is now absent. Again, if the electron neutrinos are produced in the heavier mass eigenstate (dashed curve in Figure 5b) , they now will not encounter any level crossing resonance such as those in Figure 5a . Thus merely fulfilling the resonant conditions in Eqs. (8) and (9) is not sufficient for resonant conversion and these conditions are valid only for small mixing angle. A general condition for resonant conversion can also be derived which holds for both small and large mixing angles [37] . An examination of the neutrino transitions as it propagates in the Sun give further details about the neutrino evolution in this general case. Working with Hamiltonian (18) we can see at the point of neutrino production near the solar core the diagonal terms are ∆ D ∼ 4 × 10 −12 eV for E = 10 MeV, while the magnetic field term µB ∼ 6 × 10
eV for B ∼ 10 4 G. Thus there is a difference of about four orders of magnitude and the transitions will be absent. As the neutrino propagates to the lower density regions in the RZ, the eigenlevels come closer. At r ≈ 0.2R we have ∆ D ∼ 2 × 10 −12 eV while the magnetic field now increases to about 10 6 G, thus µB ∼ 6 × 10 −14 eV. There is still a difference of about an order of magnitude, however now there can be small ν eL ↔ν µ transitions driven by the magnetic field as can be seen in Figure 6 . These conversions persist as long as the ratio ∆ D /µB ∼ 0.1. However beyond r = 0.4R , the magnetic field gradually falls off to values < 10 5 G (see Figure 1) , and the corresponding transitions also die out. Thus after the partial conversion of the neutrinos ν e →ν µ in the region r ≈ (0.2 − 0.4)R is the neutrino reverts back to being predominantly in the eigenstate ν 1 . As the neutrinos propagate towards the CZ, they will again encounter an increasing magnetic field. However due to the strong bounds on the magnetic field in this region having peak field B 0 < 10 5 G, the diagonal splitting terms ∆ D >> µB and there will be no significant transitions due to magnetic fields. Thus assuming the neutrinos are produced in the eigenstate ν 1 in the Sun, they will exit the Sun in the same eigenstate and buried magnetic field in the RZ having strength ∼ 10 6 G are not sufficient to cause any appreciable level crossing. Thus the transitions are suppressed to a great extent.
Conclusions
In this paper, we have studied the phenomena of neutrino spin-flavor oscillations in the Sun for neutrinos having sufficiently large magnetic moments ∼ 10 −11 µ B . We have constructed two models for solar magnetic field based on the current bounds on the magnetic field in different regions of the Sun. In the first model, one can have large magnetic field in the solar core and it tapers off with distance from the center. In the second model, we have a large magnetic field in the RZ which becomes negligible in the core region and in addition there is a CZ magnetic field, calculated in [45] . It was shown that even magnetic field ∼ 10 4 G are sufficient to change the neutrino helicity as it comes out of the Sun. We have also obtained a novel parametrization for the electron density profile in the Sun, which gives a better approximation compared to the usual exponential parametrization.
For the case of zero vacuum mixing and large magnetic field in the solar core, we obtain analytically exact solutions. This allows us to put strong bounds on the magnetic field in the solar core using the results from the KamLAND experiment. We then examined the effects for the realistic case of large vacuum mixing angle and found that it has an effect in suppressing the ν e →ν µ transitions. The energy level diagrams distinctly show the difference between the two cases. Whereas in the case of small mixing angle we get enhanced transitions due to adiabatic level crossings. For the latter case of large vacuum mixing the eigenstates of the Hamiltonian in the mass eigenbasis do not show exhibit such crossing phenomena. Thus the dominant terms are the diagonal terms and small transitions take place only in the RZ where the ratio of the two terms is ∼ 0.1. Furthermore, the CZ fields do not affect the neutrino transitions.
Based on above results it can be seen that the sub-leading effects on solar neutrinos due to spin-flavor transitions are likely to be very small for µ ν ∼ 10 −11 µ B . With improved sensitivity, the future experiments will be able to place even stronger constraints on the neutrino magnetic moment as well as solar magnetic field. Thus the phenomena of spin-flavor oscillations can give important information about the solar interior independent of the Helioseismological observations. (1 − tanh(5r/R )) µB 0 sech(5r/R ) µB 0 sech(5r/R ) For ultra relativistic neutrinos propagating along the radial direction in the Sun, the flavor equation (13) can now be written as Eq. (A.10) has two linearly independent solutions which can be taken as [54] ν eL± = z ±µ (1 − z) ν u ± (z), (A.14)
where u ± (z) = u(z)| µ→±µ If the neutrinos are produced as the location r 0 inside the Sun, then the evolution of the state ν eL is given by ν eL (r) = cos 2 θ m e iωr 0 z µ (1 − z) where θ m = tan −1 (c/a)/2, ω = (a) 2 + (c) 2 and 2 F 1 (α, β, γ; z) is the Gauss hypergeometric function. Since b 2 >> 4c 2 , we can use α ≈ µ + ν, β ≈ 0 and γ = (1/2) + 2µ for evaluating the survival probability given by P ee (r 0 , r) = |ν eL (r)| 2 . The transition probability 1 − P ee (r 0 , r) is then averaged over the 8 B production region to put appropriate bounds on the magnetic field.
